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Following the induction of DNA doublestrand breaks (DsBs), a large number of proteins implicated in DNA damage signaling and repair rapidly associate in distinct nuclear microenvironments that are believed to be focused on the incident lesions. 1 The hierarchical assembly of DNA damage-responsive proteins at DsBs has been well studied through analyses of iR-induced nuclear foci (iRiF), and the kinetics of iRiF assembly and resolution have been presumed to correlate with DNA damage signaling and repair. iRiF assembly is driven by a cascade of reversible posttranslational modifications that include ubiquitylations on DsB-flanking chromatin. 2, 3 RNF8, a RiNG-type e3 ubiquitin ligase, plays a key proximal role in DNA damage sensing and repair and is rapidly associated in iRiF, where it polyubiquitinates type 2A histones. RNF8-mediated histone H2A ubiquitylation generates binding sites for the ubiquitin binding domain (UBD) of RNF168, an unrelated RiNG-type e3 ubiquitin ligase. RNF168 further increases the ubiquitylation state of DsBflanking chromatin, facilitating the association of additional repair factors, including 53BP1, and the ubiquitin ligases BRCA1 and RAD18.
Most DsBs are repaired by non-homologous end joining (NHeJ) or homologous recombination (HR), and the choice between these pathways is determined at the level of 5′ end resection, which is believed to commit DsB repair to the HR pathway. 53BP1, a principal component of iRiF and DsB-induced foci, blocks the resection of chromatid breaks during class switch recombination, thereby suppressing HR and promoting NHeJ. 4, 5 The stoichiometry of DNA damage signaling and repair proteins associated at iRiF is thus a potentially important and incompletely understood determinant of the selection of DsB repair pathway and, ultimately, DNA damage tolerance. in this issue, Helchowski et al. 6 provide new and cautionary insight into the biological significance of iRiF. These investigators show that RAD18 overexpression dramatically impairs 53BP1 and RAP80-BRCA1 association at iRiF. Remarkably, a NLs-GFP-RAD18 fragment comprising minimally the UBD and a short juxtaposed "LRM" targeting sequence 7 is sufficient to inhibit 53BP1 association at iRiF and concomitantly increase HR. This disruption of 53BP1 association at iRiF appears to be caused by the selective and competitive binding of overexpressed RAD18 UBD-LRM to as-yet-unidentified ubiquitylated proteins on DsB-flanking chromatin. The impairment of 53BP1 and RAP80-BRCA1 association at iRiF in RAD18-overexpressing cells did not affect DNA damage signaling, overall rates of DsB repair, or radiosensitivity. The long-term consequences were confined to the redirection of DsB repair to favor the HR mechanism.
The results of Helchowski 6 extend previous studies showing that ectopic expression of full-length RNF169 (an RNF168 paralog that recognizes polyubiquitin structures but does not itself contribute to DsB-induced chromatin ubiquitylation) impaired 53BP1 and RAP80-BRCA1 association but not H2AX phosphorylation at iRiF. 7, 8 The impaired 53BP1 and RAP80-BRCA1 association at iRiF in cells overexpressing RNF169 required an intact UBD (but not e3 ubiquitin ligase activity) and caused reduced NHeJ efficiency and increased HR efficiency without impacting radiosensitivity. Together, these studies demonstrate that overexpressed UBDs can change the stoichiometry of proteins associated at iRiF and thereby redirect DsB repair from NHeJ to HR.
These data are extremely provocative: while iRiF have been used as correlatives for many studies of DNA damage signaling and repair, to our knowledge, these recent studies are the first to directly and deliberately manipulate the stoichiometry of iRiF components without knockdown or knockout and elicit robust cellular phenotypes.
The study by Helchowski 6 is also a cautionary tale that illustrates how commonly used protein probes of DNA damage signaling and repair (such as GFP-tagged DNA repair proteins) can perturb the very systems they are designed to study, leading to artifacts and misinterpretation. However, the practice of medical oncology requires that malignant cells be selectively perturbed. The demonstration that the selection of DNA repair pathway can be manipulated with a relatively short polypeptide suggests a clinical opportunity to inhibit NHeJ in malignant cells with acquired mutations in HR genes, with the expectation of achieving selective malignant cell killing. (Fig. 1)   Figure 1 . The stoichiometry of the ubiquitinbinding proteins RAD18 and RNF169 associated at ionizing radiation-induced foci impacts 53BP1 association and the selection of DsB repair mechanism.
